Environmental and infection variables may affect the genetic diversity of baculovirus populations. In this study, Helicoverpa armigera nucleopolyhedrovirus (HearNPV) was used as a model system for studying the effects of a key infection variable, inoculum dose, on the genetic diversity within nucleopolyhedrovirus populations. Diversity and equitability indices were calculated from DNA polymerase-specific denaturing gradient gel electrophoresis profiles obtained from individual H. armigera neonate larvae inoculated with either an LD 5 or LD 95 of HearNPV. Although the genetic diversity detected in larvae treated with an LD 95 was not statistically different from the diversity detected in the HearNPV inoculum samples, there was a statistically significant difference in the genetic diversity detected in the LD 5 -inoculated larvae compared with the genetic diversity detected in the HearNPV samples used for the inoculations. The study suggests that inoculum dose needs to be considered carefully in experiments that evaluate HearNPV genetic diversity or in studies where differences in genetic diversity may have phenotypic consequences.
Baculoviruses are dsDNA viruses that are characterized by proteinaceous occlusion bodies (OBs) that enclose the virions (Funk et al., 1997; Theilmann & Blissard, 2008) . The family Baculoviridae is divided into four genera (Alphabaculovirus, Betabaculovirus, Deltabaculovirus and Gammabaculovirus) based on phylogenetics, genome composition, host range, and morphological and pathological traits (Jehle et al., 2006) . The alphabaculoviruses include the lepidopteran-specific nucleopolyhedroviruses (NPVs), which have virions that may contain a single nucleocapsid (SNPV) or multiple nucleocapsids (MNPV) (Theilmann & Blissard, 2008) .
Baculoviruses have been shown to have a high degree of genotypic variation between and within baculovirus isolates (Cory et al., 2005; Crook et al., 1985; Graham et al., 2004; Hitchman et al., 2007; Parnell et al., 2002; van Oers & Vlak, 2007) . It has even been shown that baculovirus genetic variation can be detected within an individual host insect (Baillie & Bouwer, 2012b; Cory et al., 2005) . Furthermore, Cory et al. (2005) showed that a number of the genetic variants isolated from a single host insect differed in phenotypic traits, including those for pathogenicity and kill time.
The maintenance of genetic variation may be affected by host immune response specificity, tradeoffs between virus genotype fitness components, interactions of genotypes within the host, and differential selection of genotypes (Hitchman et al., 2007; Hodgson et al., 2001 Hodgson et al., , 2002 . Genetic heterogeneity must be important for the survival of baculoviruses as the less dominant (minority) viral variants are not lost from the virus population over time (Simó n et al., 2008) . It has been shown that the minority genotypes affect the timing of mortality and the overall pathogenicity of the virus population (Simó n et al., 2005 (Simó n et al., , 2008 . The mixture of genotypes may consist of complete and defective genotypes, and mixtures of complete and defective genotypes can be more infective than NPV OBs containing the complete genotype alone (Clavijo et al., 2009; Ló pez-Ferber et al., 2003) .
It is unclear as to whether new genetic variants are being generated or whether the genetic diversity is largely maintained within the baculovirus populations after each infection cycle. In vitro studies have shown that recombination events, sequence duplication, DNA point mutations, and insertion and deletion events commonly occur during the baculovirus replication cycle (Croizier et al., 1988; Croizier & Ribeiro, 1992; Martin & Weber, 1997) .
The main reason so little is known about the mechanisms that generate or maintain the genetic variation is because the currently utilized in vivo techniques have several major limitations that greatly reduce their detection sensitivities and abilities to identify and fully differentiate genetic variation between closely related genotypes (Hitchman et al., 2007) . Baillie & Bouwer (2011) showed that denaturing gradient gel electrophoresis (DGGE) was capable of detecting genetic variants within geographically distinct Helicoverpa armigera nucleopolyhedrovirus (HearNPV) populations in a highly sensitive and rapid manner. DGGE has also been used to study the population dynamics of viral communities as well as to study how the populations respond to changes in environmental and experimental conditions (Harris & Teo, 2001; Motta et al., 2002; Short & Suttle, 1999) .
Inoculum dose is a key infection factor affecting the rate and severity of baculovirus disease progression in insects (Federici, 1997) . In this study, HearNPV, an SNPV, was used as a model system to investigate the effects of inoculum dose on the genetic diversity detected within NPV populations. We chose HearNPV because it is a well-characterized and commercially important baculovirus (Chen et al., 2001; Sun et al., 2002 Sun et al., , 2004 , for which a sensitive DGGE genetic variation assay is available (Baillie & Bouwer, 2011) . We hypothesized that the genetic diversity detected in neonate larvae inoculated with a high dose (LD 95 ) of HearNPV would not be significantly different from that detected in the HearNPV sample used for the inoculation.
The H. armigera (Lepidoptera: Noctuidae) laboratory culture was maintained as described in Baillie & Bouwer (2012b) . Over more than a decade of culturing, uninfected members of the colony have never shown signs or symptoms characteristic of NPV infections, suggesting the absence of latent infections in the culture. HearNPV was propagated in vivo using third instar H. armigera larvae (5 days old) and HearNPV OBs were purified from a group of larval cadavers as described previously (Baillie & Bouwer, 2012b) . The propagation and purification process was repeated for HearNPV populations collected from two geographically distinct regions within South Africa. The two HearNPV populations will be referred to as HearNPV-P1 and HearNPV-P2, which were collected from Christiana (North West province) and Alice (Eastern Cape), respectively.
For bioassays, H. armigera neonate larvae were inoculated by the droplet-feeding method (Hughes & Wood, 1981) , with lethal dose calculations being based on the volume of suspension imbibed by H. armigera neonate larvae (Grant & Bouwer, 2009) . Control larvae were treated with sterile distilled water. For each of the two geographically distinct HearNPV populations, the LD 5 and LD 95 values (7 days post-inoculation mortality) were estimated by probit analysis (Finney, 1971) as described by Grant & Bouwer (2009) but based on a 1-32 OB dose range. For both HearNPV populations (HearNPV-P1 and HearNPV-P2), the LD 5 and LD 95 for neonate larvae were calculated to be 1 and 20 OBs per larva, respectively.
For the inoculum dose experiments, the inoculations were performed as described above. For each inoculum dose, a large number of larvae were inoculated and six larvae, which died due to HearNPV infection, were randomly selected for subsequent analyses. Bioassays were monitored twice daily and larvae were harvested immediately after death. This process was repeated for HearNPV-P1 and HearNPV-P2 using an LD 5 and LD 95 . For the HearNPV-P2 LD 5 inoculations five larvae were available for subsequent analyses.
DNA was extracted from the HearNPV-P1 and HearNPV-P2 samples used to inoculate the larvae in order to analyse the genetic variation that was present within the HearNPV populations before passage in neonate larvae, and are referred to as the HearNPV-P1 and HearNPV-P2 inoculum samples. For both NPV populations, DNA was also extracted, as described by Baillie & Bouwer (2012b) , separately from each of the larvae infected with either an LD 5 or LD 95 .
DGGE was used to determine if the genetic diversity present within each of the HearNPV populations had changed after passage in neonate larvae using a PCR primer set (Table S1 , available in JGV Online) that amplified a portion of the HearNPV DNA polymerase gene, a gene that is vital for the replication cycle of the virus and is one of the core baculovirus genes (Herniou & Jehle, 2007; van Oers & Vlak, 2007) . PCR and DGGE were performed as described by Baillie & Bouwer (2011) . Six replicate PCR amplifications were performed on DNA extracted from the HearNPV-P1 and HearNPV-P2 inoculum samples. For both HearNPV populations, the PCR amplifications were repeated separately for each of the larvae inoculated with either an LD 5 or LD 95 . No detectable PCR products were produced when DNA extracted from untreated, control larvae was used as the template.
The DGGE gels, with 200 ng DNA loaded per lane, were processed and analysed using GelCompar II v6.0 (Applied Maths). GelCompar II was used to calculate the pairwise similarities of each of the DGGE profiles and to construct dendrograms based on the similarity of the DGGE profiles to each other and to the HearNPV inoculum samples using the Pearson (product-movement) correlation coefficient (Pearson, 1926) .
Biological indices were used to give an objective estimate of the diversity and evenness of the different DGGE profiles. During DGGE analysis, it is assumed that each band represents a different genetic variant and the relative intensities of the bands give an indication of the relative abundance of genetic variants in the DGGE profile. The Shannon diversity index is defined as H'52S(n i /N) ln(n i / N) (Magurran, 2004; Shannon, 1948) . For the purpose of this study, n i is the intensity of a band and N is the total intensity (sum of all peak surfaces) of the DGGE profile. Pielou's equitability index (Pielou, 1966) , also referred to as the Shannon evenness index (Magurran, 2004) , is an often used measure of the degree of evenness in species or variant abundance and is defined as J'5H'/lnS, where H' is the Shannon diversity index for that dataset and S is the total number of genetic variants (bands) present in the DGGE profile.
Each of the lanes in the DGGE gels for larvae inoculated with an LD 5 or LD 95 of HearNPV-P2 contains a large number of bands (Fig. S1) , indicating the presence of many Effects of inoculum dose on HearNPV genetic diversity genetic variants within the different samples (larvae). The DGGE profiles obtained from individual larvae infected with HearNPV-P2 are different -in the number, position and relative intensities of the bands -from the profile of the HearNPV-P2 inoculum, indicating that the HearNPV genetic variants present in these larvae were different from those in the HearNPV-P2 inoculum. These changes are more pronounced in the LD 5 dataset, with major changes in the DGGE profiles being visible (Fig. S1 ). To simplify comparison between profiles, graphical representations of the HearNPV-P2 DGGE profiles were generated using GelCompar II (Fig. 1b) . Between 11 and 25 bands were noted in the graphical representations of the DGGE profiles. An illustrative DGGE gel for larvae inoculated with an LD 5 or LD 95 of HearNPV-P1 is shown in Fig. S2 , and the graphical representation of HearNPV-P1 DGGE profiles shows the presence of many genetic variants (between 12 and 17 bands) within individual larvae (Fig. 2b) . There is noticeable clustering within both the HearNPV-P2 and HearNPV-P1 dendrograms (see Figs 1 and 2 ).
Pielou's equitability index (J') ranges from a minimum of 0 (single species in the population) to a maximum of 1 (very even distribution between species in the population) (Magurran, 1988 (Magurran, , 2004 . The equitability index values obtained in our study ranged from 0.77 to 0.88 (Table 1) , thus indicating that the 'individuals' (a single copy of a particular sequence variant) making up the sample were relatively evenly distributed among the sequence variants. Irrespective of the inoculum dose or HearNPV populations evaluated, the evenness (J') of the distribution of the genetic variants did not differ significantly pre-and post-passage.
The greater the Shannon diversity index (H'), the greater the genetic diversity (Magurran, 1988 (Magurran, , 2004 . Our maintenance of genetic diversity at high doses hypothesis was supported by the fact that, for either HearNPV population, no significant change (HearNPV-P1, P50.206; HearNPV-P2, P50.249) in the genetic diversity (H') of the HearNPV populations pre-and post-passage were observed when using an LD 95 inoculum (Table 1 ). In addition, the dendrograms of the HearNPV-P1 DGGE profiles showed that the profiles of four of the six LD 95 replicates formed a distinct cluster (.95 % similar) with the HearNPV-P1 inoculum sample. Furthermore, the DGGE profiles of all the HearNPV-P2 LD 95 -inoculated larvae formed a distinct cluster (80 % similar) with the HearNPV-P2 inoculum sample.
In addition to our high dose hypothesis, we hypothesized that the genetic diversity detected in neonate larvae inoculated with a low dose (LD 5 ) of HearNPV would be lower than the genetic diversity detected in the HearNPV sample used for the inoculation. The foundation for this hypothesis is that for a lower dose of OBs there is a lower probability that low-frequency genetic variants would establish midgut infections, and many larvae may be infected by a single variant (Zwart et al., 2009) .
Although H' for the HearNPV-P2 inoculum sample was higher (2.23) than that (1.89) of the HearNPV-P1 inoculum sample, for either HearNPV population there was a statistically significant increase (P¡0.05) in H' for the LD 5 -inoculated larvae relative to the corresponding inoculum sample, P50.008 and P50.053 for HearNPV-P1 and HearNPV-P2, respectively (Table 1) . Thus, for both HearNPV-P1 and HearNPV-P2, there was an increase in the detectable genetic diversity after passage of HearNPV in neonate larvae using an LD 5 inoculum.
Since H' is increased by the addition of more operational taxonomic units (OTUs) to a community or by more even distribution of the individuals among the OTUs (Magurran, 2004) , the index for LD 5 -inoculated larvae could have increased by the detection of more unique sequence variants (bands) and/or by more even distribution of the individual sequence reads among the sequence variants post-passage. Since the post-passage equitability indices (J') were not significantly higher than those of the inoculum samples, the statistically significant increase in the Shannon diversity indices (H') post-passage may be attributed primarily to an increase in the number of sequence variants in the LD 5 -inoculated larvae.
The differences of the LD 5 profiles compared with those of the HearNPV inocula were also reflected in the dendrograms; for each of the HearNPV populations (HearNPV-P1 or HearNPV-P2), the DGGE profiles of the larvae inoculated with an LD 5 occurred in clusters that did not contain the HearNPV inoculum sample profile.
The presence of significant genetic variation within the LD 5 -inoculated larvae was also reflected by the fact that some HearNPV-P2 LD 5 profiles had very low similarity to the other HearNPV-P2 LD 5 profiles (Fig. 1) , and the HearNPV-P1 LD 5 profiles were inter-dispersed throughout the dendrogram rather than clustered together (Fig. 2) .
A potential reason for the observed increase in detectable genetic diversity at low doses (LD 5 ) is mutations or recombination events arising early in the infection process and the resultant novel sequence variants being amplified to detectable levels through subsequent rounds of replication. Although mutations may be expected to occur at the same rate in the LD 5 -and LD 95 -infected larvae, a reduction in the yield of HearNPV at higher infection doses may reduce the impact of mutations on detectable genetic diversity. Although we have not evaluated the relationship between dose and HearNPV yield, an empirically based mathematical model developed by White et al. (2012) showed that an increase in dose leads to a reduction in the yield of baculovirus at the time of host death.
Since recombination depends on co-infection of the same cell by different genetic variants of a baculovirus (Bull et al., 2001) , and cellular multiplicity of infection (m.o.i.) values are likely to be higher for higher dose infections, recombination may be the primary generator of genetic variation in LD 95 infections (J. S. Cory, personal communication) . Conversely, mutations may be the primary generator of genetic variation in LD 5 infections, where larvae may be infected by very few genetic variants and the cellular m.o.i. values are likely to be lower than for LD 95 -infected larvae. Our mutation-based explanation would require a high frequency of mutation in HearNPV. In this Effects of inoculum dose on HearNPV genetic diversity context, it is noteworthy that 60 single nucleotide polymorphisms, of which 19 were non-synonymous, were identified by Baillie & Bouwer (2012a) within the same region of the HearNPV DNA polymerase gene which is being analysed in this study.
High cellular m.o.i. values provide opportunity for complementation between co-infecting viral genomes (Bull et al., 2001) . However, when m.o.i. values are high and genotypes compete for resources, genotypes have the opportunity to cooperate or defect and take advantage of the resources that cooperative genotypes contribute (Clavijo et al., 2009) . It is possible that in low dose infections some 'defecting' genotypes are not present in the host or present in low frequencies, thus freeing up more resources for other variants that may then reach levels detectable by DGGE. Although we have suggested possible mechanisms underlying the observed increase in genetic diversity for low dose inoculations, elucidation of the actual mechanisms causing the observed increase would require studies dedicated to this question.
Our results suggest that inoculum dose affects the transmission of HearNPV genetic variants and the level of detectable genetic diversity in individual infected larvae. Such genetic diversity differences may affect the genetic variant pool in HearNPV field populations, with possible effects on HearNPV pathogenicity, transmission and population dynamics. Our results also have a potential impact on laboratory and biocontrol studies. For example, low dose inoculations may increase the genetic diversity of HearNPV populations in individual larvae, and some of these HearNPV populations may have increased pathogenicity compared with the inoculum population.
